The intermetallic compounds AuAl 2 and PtAl 2 are colored purple and yellow respectively. In the past they have been prepared by bulk melting techniques or by co-deposition in a magnetron sputterer. Here, however, we investigate films of AuAl 2 , PtAl 2 and (Au,Pt)Al 2 prepared by sequential physical vapor deposition of the elements, followed by in situ solid-state reaction. The microstructure, dielectric functions, optical properties and thermal stability of the resulting films are characterized and compared to those prepared by bulk melting or co-deposition. The (Au,Pt)Al 2 films show a color gamut that stretches from purple to brassy yellow depending on composition and microstructure. High temperature synchrotron X-ray diffraction experiments show that the (Au,Pt)Al 2 phase is metastable, decomposing when heated above 420 °C. In contrast, the pure AuAl 2 or PtAl 2 phases are stable to about 580 °C before they oxidize or decompose. The alternative possibility of producing the purple-to-yellow color gamut by depositing optical stacks of very thin films of AuAl 2 and PtAl 2 is also assessed. Either scheme will provide a range of colors lying between those of the binary compound endpoints. Calculations predict that deposition of AuAl 2 onto PtAl 2 will produce more intense colors than vice versa, an unexpected finding that is worth further investigation.
Introduction
Metallic elements have a rather limited range of intrinsic colors, with most being silver-or gray-colored. Copper and gold stand out as rare exceptions due to their respective red-orange and yellow hues. More metallic color options are available, however, when alloys and intermetallic compounds are considered. For example, the 'yellow', 'white', 'red', 'pink' and 'green' colors of commercial gold alloys are obtained by substituting elements such as silver, copper, palladium and zinc for part of the gold. Some intermetallic compounds, particularly those with the B2 (cP2) and C1 (cF12) structures, also have interesting and attractive metallic colors [1] . For example, the C1-structured compounds PtAl 2 and AuAl 2 (which have anti-fluorite structures based on a geometric inversion of the structure of the compound CaF 2 [2] ) are brassy yellow and metallic purple respectively. Both are known for producing eye-catching effects in specialized jewelry [3] [4] [5] [6] [7] and they have been the subject of a comprehensive recent investigation by Furrer and Spolenak [8] . The relatively unusual dielectric functions of PtAl 2 and AuAl 2 have also been previously investigated [4, [9] [10] [11] [12] [13] [14] [15] and their possible application in spectrally-selective filters or plasmonic devices discussed [4, 9, 10] .
Since AuAl 2 and PtAl 2 share the same crystal structure the question arises of whether or not they can form a single Au x Pt 1-x Al 2 (0<x<1) phase field that spans the ternary phase diagram [8] .
Furthermore, if such a ternary intermetallic phase exists, then there is the issue of whether it is metastable relative to decomposition to the binary end members. We could not resolve this question by a CALPHAD calculation because the commercially thermodynamic databases available to us did not have sufficient data yet for the calculation of this ternary system (due primarily to a lack of data for Al-Pt). On the other hand, Furrer and Spolenak [8] found experimental evidence for a continuous (Au,Pt)Al 2 solid solution, and its existence was also assumed in a recent Density Functional Theory study [10] . In contrast, microstructural evidence from other C1 systems suggests an equilibrium state of mutual immiscibility for compounds of this type. For example, the compounds AuIn 2 and PtIn 2 [5] and AuAl 2 , AuIn 2 and AuGa 2 [6] are reported to be mutually insoluble.
It has been shown that materials with a C1 structure and a stoichiometry of the form Au x Pt 1-x Al 2 (0<x<1) will have a color that shifts from purple to brassy yellow, via a peach-colored intermediate, as x varies for 1 to 0 [8, 10] . Of course, such a gradation of color does not only occur in a solid solution series and would also be expected in duplex microstructures of AuAl 2 and PtAl 2 .
Indeed, colors of intermediate nature are reported for duplex mixtures of AuAl 2 , AuGa 2, AuIn 2 and PtIn 2 [5, 6] . Whatever the origin, the range of colors, and the fact that these materials have a high precious metal content, make them of interest to the jewelry industry.
The challenge, however, is to find convenient ways to fabricate these materials because intermetallic compounds are notoriously brittle. For bulk samples the processing options that have been investigated include traditional casting [5, 6] , powder metallurgy [16, 17] and vacuum-arc melting [18] . For thin films physical vapor deposition (PVD) is an obvious choice. Furrer and Spolenak [8] successfully produced thin films with C1 structure using the simultaneous codeposition of Al, Pt and Au but it is challenging to precisely control the sputtering rates of three targets simultaneously in an industrial context. Therefore, we investigated whether suitable coatings could be produced by deposition of one or two elements at a time followed by an annealing heat treatment to drive the solid-state reaction M+2Al  MAl 2 . To do this we used PVD to produce a range of single-layer, bi-layer and multi-layer nanoscale films comprised of Au, Pt and Al. Our overall objectives were to determine how the desired intermetallic compounds might be synthesized, whether a Au x Pt 1-x Al 2 solid solution can form or not (and if so whether it is thermally stable), the extent to which the microstructure of coating of these materials controls their color, and whether the deposition of nanoscale optical stacks of AuAl 2 alternated with PtAl 2 might provide an alternative means to control the color. We also fabricated and characterized a range of bulk samples for comparison purposes.
Material and methods
Thin film samples were prepared by direct current, magnetron sputtering and bulk samples by vacuum arc melting. For the thin film samples, sputtering targets of Au, Pt and Al, each with a purity of at least 99.99%, were used and set 150 mm away from the rotating substrate. The base pressure in the chamber was less than 1x10 -4 Pa (10 -6 Torr). During the deposition, Ar gas flowed at a pressure of 0. Fig. 1(a) .
Various designs of the films were investigated, including stacks of the pure elements or stacks of binary mixtures. A quartz crystal monitor and controller were used for measuring and controlling deposition rate and thickness of each element. The composition of compounds was controlled by setting the appropriate amperage and wattage levels. Some examples of thin films of the intermetallic compounds in stacks in different sequences are shown in Fig. 1 (b) . Films were either deposited onto substrates held at 400°C or deposited at room temperature and annealed thereafter at 400 °C in a tube furnace under N 2 flow.
As a preliminary investigation these samples were analyzed for their composition and morphology using a Zeiss Supra 55VP scanning electron microscope (SEM) with Oxford energy dispersive spectrometry (EDS) and a Zeiss Evo LS15 SEM with a Bruker EDS Quantax400. The
Zeiss Supra 55VP is a field emission SEM (FESEM) and was operated in a high vacuum mode. An acceleration voltage of 5-20 kV was applied and imaging was usually in the 'in-lens' and 'backscattered' modes. The Zeiss Evo LS15 is a thermionic tungsten electron gun SEM and was employed when just an elemental analysis was needed. Samples were examined along a normal to their plane, or side-on after fracture of the substrate.
More precise information of internal structure was obtained by examination of crosssections with a JEOL 2200FS high resolution transmission electron microscope (TEM). This has a field emission gun and was operated at 200 kV. A cross-sectional area of selected thin film specimens was prepared by using the sandwich technique and tripod polishing, followed by precision ion polishing system (PIPS). Bright field (BF) and dark field (DF) images were obtained, as well as electron diffraction patterns. EDS analyses were performed in line scan and area mapping through the cross-sectional area.
X-ray diffraction (XRD) was conducted using a Siemens D5000 X-ray diffractometer or at the powder diffraction beamline at the Australian Synchrotron. In both instances the samples were set up in grazing incidence mode. In the case of the laboratory XRD, Cu K 1 radiation (λ = 1.54056 Å) was used, the angle of incidence was 0.5, 2 was scanned between 20 and 90 and counts were accumulated for 3 seconds at each step. In the case of the synchrotron measurements the substrate was a metal foil, as previously mentioned. The samples were placed on the platinum heating element of an Anton Paar furnace under argon (Ta substrate) or vacuum (stainless steel substrate) and measurements taken while the temperature was raised. A wavelength of 0.06199 nm was used for the experiments on Ta foil and a wavelength of 0.11261 nm was used for the experiments on the stainless steel substrates. Wavelengths were verified by calibration using NIST LaB 6 standard 660b.
A slit height of 0.2 mm was used. by the CIE system [20] .
Results

Formation of single-layer thin films
Thin films of AuAl 2 or PtAl 2 could be fabricated by depositing Al as the first layer, followed
by an appropriate amount of Au or Pt (the configuration of Fig 
Co-deposition of Au and Pt onto Al
In order to investigate whether PtAl 2 and AuAl 2 could be mutually soluble, a series of samples were prepared in which Al was deposited as a first layer followed by the co-deposition of a mixture of Au and Pt as a second layer (the configuration shown in Fig. 1(b) (ii)). These are designated here as Al/(Au,Pt) ). The reverse arrangement, in which a mixture of Au and Pt was first 
Multi-layer samples
More complex structures could be created by increasing the number of layers deposited.
Samples with four, six and eight alternating layers of Al and alternating precious metals were investigated. After annealing at 400 C for 1 hour, the four-layer films reacted to become two separate layers of PtAl 2 and AuAl 2. The color of the uppermost layer, as determined from the reflectance spectrum, indicated that the uppermost layer was either pure PtAl 2 or pure AuAl 2 , depending on sequence deposited. Similarly, when multilayer thin films of six and eight layers were deposited and then annealed, it was observed by cross-section analysis that they had reacted to three and four layers respectively. Cross-sections of various permutations of films are shown in Fig. 6 . It was evident that, if initially formed separately, then AuAl 2 and PtAl 2 would not interdiffuse, even after a protracted anneal at 400 °C. Clearly, these phases are immiscible under equilibrium conditions.
Formation of the intermetallic compounds during post-deposition annealing could be followed by in situ XRD in a synchrotron. In Fig. 7 the average of the area of the (111), (002), (022) and (113) 
Optical properties of AuAl 2 -PtAl 2 mixtures and alloys
The reflectance of the AuAl 2 and PtAl 2 films formed from multi-layer stacks of the elements was compared to that produced by the co-deposition technique, and to data derived from bulk samples (Fig. 8) . The CIE La*b* coordinates are compared in Table 1 In the case of the Al/(Au,Pt) sample the effect of front-surface roughness was avoided by optically characterizing the back-surface (taking into account the optical properties of the glass slide). The back surface reflection minimum of this sample was ~440 nm which may be compared to that of pure PtAl 2 which is at about ~390 nm and pure AuAl 2 , which is at ~530 nm. The observed minimum of the alloyed sample is in agreement with the 440 nm estimated from the simple rule of mixtures and the CIE L*a*b* color coordinates are intermediate between those of the pure compounds, Table 1 .
Discussion
The results described above highlight two interesting issues, which we will discuss in turn.
How stable is the (Au,Pt)Al 2 solid solution?
There are many examples of mixtures of phases that do not form a mutual solid solution under equilibrium conditions, but which can, nevertheless, be prepared as a metastable solid solution under some circumstances. For example, under equilibrium conditions at temperatures below 1260 °C Au and Pt are immiscible but metastable solid solutions in this system (and related systems such as Au-Ni [22] or W-Ni [23] may be prepared by quenching alloy samples from temperatures above the miscibility gap or by magnetron co-deposition at room temperature. This situation evidently also applies to AuAl 2 -PtAl 2 . However, if the two compounds are formed separately, they do not interdiffuse, indicating that the equilibrium situation is one of mutual immiscibility, as suggested by Klotz [5] . The present work has also served to highlight that quite precise control of the deposition and heat-treatment parameters are required to produce the desired phases, in terms of film composition well as time and temperature of the post-temperature heattreatment.
What is the possible color gamut that can be achieved using these materials?
As we have seen, it is certainly possible to produce metastable solid solutions of AuAl 2 -PtAl 2 with a corresponding range of intermediate colors. However, it should also be recognized that very similar colors can also be presented to an external observer by fine-scale dual-phase mixtures of AuAl 2 and PtAl 2 . In this respect, the situation in this ternary system is analogous to that in the binary Au-Ni system, where a range of equivalent color effects can be achieved by true alloying or by a two-phase mixture of the elements [22] . We have also provided evidence here to suggest that a (Au,Pt)Al 2 solid solution is metastable, and hence prone to decomposition. In contrast, pure AuAl 2 and pure PtAl 2 are both stable to relatively high temperatures and, under equilibrium conditions, apparently immiscible. Therefore, it seems that a range of interesting color effects could be engineered by designing thin film stacks of these two intermetallic compounds. Such a scheme could be easier to control than one requiring the fabrication of a metastable film of (Au,Pt)Al 2 .
To investigate this, optical properties of a wide range of possible bi-layer film designs were simulated with the OpenFilter program. The calculated reflectance spectra (calculated using the dielectric functions of the pure AuAl 2 or PtAl 2 thin films) are shown in Fig. 10 .The color is shifted between yellow and purple when the thickness of top layer is varied from 0 to 100 nm. CIE L*a*b* color parameters of these bi-layer films were predicted and shown in Table 2 . Unsurprisingly, the calculated colors of the two series (AuAl 2 -on-PtAl 2 and PtAl 2 -on-AuAl 2 ) follow quite different trajectories through color space, Fig. 11 . In particular, the prediction is that the colors obtained by depositing AuAl 2 onto PtAl 2 are much more saturated than vice versa. This comes about due to the differences in the optical properties in the visible region of the two materials. As the two metals absorb at different wavelength ranges, ~ 400 and ~540 nm, each is either a mirror or absorber at 400 and 540 nm, while the other in the complementary mode. This interplay of absorptive and reflective factors produces an interesting range of colors. Similar effects have recently been discussed by Kats et al. [24] , in this case for nanoscale coatings of Ge on Au.
Several measurements of the L*a*b* coordinates of pure AuAl 2 and PtAl 2 samples from our work or from the literature are also shown in Fig. 11 . There is a scatter of the values due to the intrinsic and extrinsic factors mentioned previously. Also shown on Fig.11 are the color coordinates of our bulk samples and those of the thin film samples of Furrer and Spolenak [8] . It is clear that the measured colors of the (Au,Pt)Al 2 are broadly similar (although slightly more intense) than the colors we predict for thin films of AuAl 2 on PtAl 2 .
Conclusion
The color gamut of thin films comprised of mixtures of AuAl 2 and PtAl 2 can be tuned by control of their geometry, microstructure and composition. We conclude that a very similar range of colors can be obtained if two compounds are in separate layers of nanoscale thickness, or in the form of a nanoscale coating on AuAl 2 on bulk PtAl 2 , or in a random duplex microstructure, or in a metastable solid solution. These findings provide several strategies to smoothly vary the reflected spectrum of a coated object from the metallic purple hue of AuAl 2 to the gold-yellow hue of PtAl 2 .
Colors in-between can be described as lavender, apricot or peach. There is apparently no ternary phase diagram available yet for the Al-Au-Pt ternary system, but the work presented here indicates that, under equilibrium conditions, AuAl 2 and PtAl 2 are likely to be distinct and mutually insoluble phases. Nevertheless, metastable solid solutions of the (Au,Pt)Al 2 type can be prepared by codeposition or rapid solidification. The precious metal content of the films remains above 76 weight % suggesting that they might find application in jewelry as an alternative to using the more expensive and brittle bulk compounds. Tables   Table 1. and {311} peaks as a function of temperature. The two samples were produced as Al+Pt+Al+Au ('Au on top') and Al+Au+Al+Pt ('Pt on top'). Substrate was tantalum foil. 
